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STUDIES ON THE RELATION OF THE KIDNEY TO
CARDIOVASCULAR DISEASE*
M. C. WINTERNITZ, E. MYLON, L. L. WATERS, AND R. KATZENSTEIN
The results of bilateral nephrectomy in the dog have been found
to contrast sharply in various ways with those following ligation of
both main renal arteries. This has been pointed out for the blood
pressure, which does not usually rise and never attains significant
proportions after ablation ofboth kidneys, but, as arule, does become
elevated after ligation of both renal arteries. Other contrasts, thus
far not emphasized, involve survival time, rate of rise of blood non-
protein nitrogen, quantitative change of electrolytes of the blood
with associated effects on cardiac function, and, finally, the ultimate
contrasting morphological processes manifested after the two
procedures.
Moreover, the bilaterally nephrectomized animals have proved
valuable for determination of the acute functional and structural
effects caused by the injection of whole extracts and also of fractions
of extracts of kidney and other organs of homologous and heterolo-
gous species. The results of these experiments have encouraged
the utilization of similar extracts with normal dogs, and chronic
counterparts of the acute processes are now being obtained. Some
ofthese studies will be presented in the following report; publication
of others in the near future is anticipated.
Throughout the experiments to be recorded, the animal of choice
was the dog. The animals were the "run of the mill" as they
could be secured from dealers, and no information of value con-
cerning them was available. They were housed in the laboratory
during a preliminary period for the determination of blood pressure
and other basic values of importance for particular groups of experi-
ments. These determinations included blood potassium, calcium,
phosphates, chlorides, carbon dioxide, hemoglobin, etc.t The modi-
* From the Laboratories of Pathology, Yale University School of Medicine.
Aided by a grant from the Commonwealth Fund.
t The carbon dioxide and chloride determinations were made for us by Dr
Anna Eisenman, the electrocardiograms by Dr. A. J. Geiger, both of the Department
of Internal Medicine. Doctor Geiger, as well as Dr. L. H. Nahum and Dr. H. E.
Hoff of the Department of Physiology, interpreted the electrocardiograms. Dr.
Kurt Stern separated organ extracts into various fractions with the supercentrifugeYALE JOURNAL OF BIOLOGY AND MEDICINE
fication ofthe Friedman oscillometer"° 27 now in use here for several
years, served satisfactorily for measuring the blood pressure. Non-
protein nitrogen was determined by the micro-Kjeldahl method,
potassium by a modification of the hexa-nitro-cobaltiate method,20
calcium by the Clark-Collip modification of the Kramer-Tisdale
procedure,4 phosphates by a modification of the Fiske-Subbarow
technic,2' 17 carbon dioxide by Van Slyke's method, chlorides after
the manner of Patterson, and hemoglobin by the colorimetric technic
of Evelyn.
During the period of adaptation to the laboratory the animals
were purged mildly with castor-oil. Throughout the period of
observation they were fed on "Fletch it" (Pet Food Sales Co.)
unless otherwise indicated. Fresh drinking water was always
available.
In the earlierexperiments both kidneys were removed simultane-
ously through a transperitoneal approach and ligation of both
renal arteries followed this course almost invariably. Later,
nephrectomy was done in two stages extraperitoneally through the
flank, the time between the first and second kidney removal varying
between four and eight days. It was the impression that untoward
effects were minimized by this procedure.
Autopsies were performed, as a rule, immediately after death.
Occasionally, animals were anesthetized and studied when conditions
indicated they would not survive over night, since it was imperative
to make the examination promptly, not only for the usual reasons
but also to anticipate post-mortem blood clotting and thus differen-
tiate more readily the thrombi frequently associated with the vas-
cular lesions that follow the use of particular organ extracts. Tissues
were usually fixed in Zenker-formol, less often in 10 per cent
formalin. The Masson staining technic, as modified by Goldner14
and further by Earle8 for the nuclear stain, was generally applied
to thin paraffin sections. Frequently this was preceded by resorcin
and other physical chemical equipment placed under his direction in the Department
of Physiological Chemistry by the Jane Coffin Childs Memorial Fund for Medical
Research. Dr. L. M. Woodruff and Dr. P. M. LeCompte of this department per-
formed the majority of the surgical procedures. We gratefully acknowledge the
willing and significant aid of these associates. Recognition of the valuable assistance
of various members of our technical staff also is gratefully acknowledged. These
include: Maude E. Robson, Marion D. Molnar, Gladys Hammond, Edward
lannucci, and Peter Integlia.
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staining of the elastic tissue. Special stains occasionally were
employed for fibrin, bacteria, iron, and reticulum, as well as stains
for fat; for the latter, sections were prepared by freezing.
I
BILATERAL NEPHRECTOMY
Chart I includes the pertinent facts concerning six dogs. These
will be discussed now from several standpoints.
Hypertension: No significant change in blood pressure was noted
in any of these six animals. An occasional dog, No. 63 for example,
showed a maximal rise in systolic pressure of 32 mm. Hg on the
ninth postoperative day. Another dog, No. 75, had an unusual rise
of 80 mm. Hg on the seventh day and one of 40 mm. Hg on the
eighth and ninth days. Otherwise the constancy of the pressure as
determined from day to day is remarkable. This evidence signifies
that the kidney is not primarily concerned in the maintenance of the
normal blood pressure, as has been pointed out recently by Rodbard
and Katz.28
The literature on this particular phase of the subject has been
reviewed so recently by Goldblatt,11 and the results of all observers
are in such accord, that it is unnecessary to say more concerning
blood pressure after removal of the kidneys.
Non-protein nitrogen of the blood: It is so well known that the
non-protein nitrogen of the blood rises gradually, though reasonably
rapidly, after removal of the kidneys that it is unnecessary to do
more than indicate that this occurred. The rate of rise is of interest
and will be referred to in other associations later.
Survival time: A survey of the literature shows considerable
variation as to the time animals live following ablation of the
kidneys. The difference is more marked, perhaps, between differ-
ent species than among individuals of one species. Rabbits are
reported as withstanding the procedure for two days only, while
goats may live for two weeks. Dogs seem to fall within these two
extremes. The following quotation from a recent publication by
Kohlstaedt, Page, and Helmer"8 is of interest: "Seven days after
bilateral nephrectomy, when the blood urea nitrogen was 256 mg.%
. . ." This survival period would seem to approach the maximal,
according to the literature.
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In our series, as is indicated in Chart I, the average survival
period for the six animals was 7+ days. There was, however, a
wide spread, from the shortest period of four days to the longest
of ten. An effort to determine the cause of this variation met with
little result, as is evident from the following facts.
Dog No. 63 was bled, beginning with the fourth postoperative
day, and given replacement therapy of normal dog's blood, saline,
and dextrose daily in amounts approximating 500 cc. It was evident
that this therapy had no appreciable effect on the animal's blood
non-protein nitrogen, as might have been anticipated in view of the
fact that Thalhimer, Solandt, and Best26 showed that many hours
of cross-transfusion from another animal are necessary for such a
result. It so happened that this animal, the first of the series, sur-
vived the longest, although the supportive treatment was much less
extensive than that received by other dogs of the group. In several
animals the carbon dioxide of the blood as well as the total
chlorides were determined before nephrectomy and daily thereafter
and these were given sodium bicarbonate orally and also intra-
venously with other corrective therapy. This made it possible to
control reasonably both the alkali reserve of the blood and the
tendency to blood concentration. The results, however,, did not
indicate that such therapy was particularly effective. This was just
as true when all of the above procedures were supplemented by low
protein and high carbohydrate diet both preliminary to and after
operation, as is indicated by dog No. 75.
In view of the observation that these animals seemed to remain
active and responsive as long as they continued to drink and eat, a
preliminary gastrostomy wasperformed (Dog No. 77). More than
a month later, when the wound was clean and the animal was accus-
tomed to receive his nourishment (a low protein, high carbohydrate
diet) through this new orifice, the kidneys were removed. In spite
of intravenous therapy directed to the correction of blood volume
and alkali reserve, the CO2 fell to 17 m.eq., the chlorides to
80 m.eq., and he died on the seventh day.
The longest period of survival in the entire series of several
hundred dogs was 11 days and 18 hours. This animal, DogNo. 19,
had been hypophysectomized nearly a year before his second kidney
was removed. Later serial section proved the hypophysectomy to
be complete, corroborating the clinical impression. The dog had
grown fat and sluggish, and during the entire period of observation
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immediately preceding and after the second nephrectomy he was
curled in his compartment, the picture of comfortable sleep. He
was so well on the ninth postoperative day that he was exposed to a
moving photographic film for permanent record. At autopsy his
thyroid was found to be small and fibrous.
The story of this animal was suggestive. In spite of the well-
known difficulty of creating thyroid insufficiency in this species by
extirpation of the gland, a series of animals was subjected to this
procedure months before nephrectomy. Chart II shows clearly that
the survival time in these animals does not differ essentially from
that of the previous group.
Later, as will be shown, it was ascertained that the potassium
level of the blood and its effect upon the heart are associated with
the death of the animal. The cause for the high blood potassium
has not been determined.
Clinically there is little to add to the well-known picture pre-
sented after bilateral nephrectomy. Reference has been made to
the tendency toward blood concentration, to the fall in CO2 and in
blood chlorides, and to the rise in non-protein nitrogen of the blood.
As the days after operation advance, the animals lose their appetite,
and vomiting, which always occurs sooner or later, may be present
as early as the second postoperative day or may be postponed even
to the eighth day. It is not persistent, and usually occurs but once
in a 24-hour period. Other symptoms, including any that could be
referred definitely to irritation of the central nervous system, are
lacking.
Post-mortem findings: At autopsy the absence of anatomical
changes is striking. There is some tendency to edema, particularly
of lungs and viscera, as confirmed microscopically. In several
animals pneumonic consolidation was diffuse and histologically the
exudate was aplastic, with few cells, much fibrin, and precipitated
protein.
Many of the animals were hosts to Dirofilaria immitis. These
long, thread-like worms were found coiled in the right heart, and
not infrequently lesions of the stem of the pulmonary artery were
encountered in this association. This is pointed out because the
position of this lesion, obviously a chronic one, corresponds to the
favorite site of hemorrhagic lesions of this artery, as has been
described previously by Winternitz and Waters (See Ref. 31, Figs.
I and 2). This may indicate some structural peculiarity of the par-
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ticular part of the pulmonary artery of the dog rendering it more
susceptible to damage of various types.
Many other parasites, induding the Spirocerca sanguinolenta,
various tapeworms, hookworms, etc., were found in these animals.
They are referred to here because they produce lesions-the first in
the aorta, the second group in the mucosa of the alimentary canal,
etc.-that might be considered erroneously to be associated with
particular experimental procedures.
It is worthy of note here that the lesions described above-
edema, pnemonia, and hemorrhages of the mucosa of the alimentary
canal, and parasitic infestation of pulmonary artery, aorta, and
viscera-were the only lesions encountered in the first survey of this
material. The intussusception manifested by dog No. 72 was
believed to be unrelated to the experimental procedure, and the few
subendocardial or even valvular hemorrhages were not impressive.
Later, when the histological material was studied in detail, a rare
hemorrhage with or without focal necrosis of muscle was encountered
in themyocardium, vessel wall, alimentarycanal, urinarybladder, or
elsewhere. Description of these will be deferred to Part II of this
communication, which deals with the results of ligation of both main
renal arteries in the dog. This procedure results in much more
extensive hemorrhagic and necrotizing lesions. In the interpreta-
tion of their significance, however, the fact must not be overlooked
that they are encountered in minimal degree after removal of the
kidneys.
Summary
Dogs survive bilateral nephrectomy as long as ten days, the
average is seven, and very few die before the end of the fifth day.
The reason for the variation in survival time has not been deter-
mined. Two-stage extirpation with a week or longer intervening
between the removal of the kidneys is not a determinant. The non-
protein nitrogen of the blood cannot be considered as a significant
indicator. Diet and artificial feeding have no apparent influence.
Attempts to correct the total blood chloride, carbon dioxide, or blood
concentration are of little avail. Hypophysectomy, with subsequent
thyroid atrophy and the resultant changes in basal metabolism, is a
suggestive lead toward explaining a lengthened survival time after
kidney removal. Electrolyte disturbances of the blood, culminating
in potassium effects on the heart, occur and are of significance, as
will be indicated later.
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The blood pressure shows little change, with perhaps a slight
tendency for it to rise in those dogs which remain in apparently good
condition.
Vomiting occurs almost invariably, but is neither protracted nor
frequent, and there are few signs of nervous system irritation.
At autopsy no specific gross lesions are encountered. Pneumonia
occurs. Edema may be present in loose tissues, but it is rarely
marked. Occasional subendocardial, valvular, and visceral hem-
orrhages as well as focal necroses involving heart muscle and smooth
muscle of artery wall, or alimentary or genito-urinary canal are rare
but important findings, as will be indicated.
II
THE RESULT OF LIGATION OF BOTH MAIN RENAL ARTERIES
The effects of bilateral nephrectomy recorded in the first section
of this paper differ sharply from those that follow the experimental
induction of renal ischemia, now so well recognized through the
work of Goldblatt. It seemed desirable, therefore, to attempt to
determine whether the more extensive effects of the latter-procedure
resulted from absorption, through the impaired circulation, of prod-
ucts of the kidney itself. The fact that a vasodilator, as well as a
pressor substance, may be extracted from kidney tissue favored this
viewpoint.19 As is well known, the collateral circulation of the
intact kidney is not adequate to preserve the integrity of the entire
organ when the main renal artery is ligated acutely. It was believed,
however, that under such circumstances this undeveloped blood
supply might still be sufficient to furnish an avenue of escape for
kidney products. Any influence these exerted would be superim-
posed upon those associated with the suppression of the eliminatory
functions that follow bilateral nephrectomy.
It should be recorded that ligation of one main renal artery in
an otherwise normal animal, a procedure many times repeated in
this study, is followed as a rule only by a transient rise in the pres-
sure and in the non-protein nitrogen of the blood. Occasionally a
dog may die within a few days after operation and the anatomical
cause for this outcome of the procedure has not been ascertained.
More recent studies, to be recorded later, provide information of
value. Suffice it to say that renal extracts injected intravenously
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into normal dogs may result fatally within a few days and these
animals may exhibit definite anatomical changes. Various clinical
andexperimental reports ofabatement of hypertension after removal
of one ischemic kidney should be referred to here. Graef and
Page"5 state: "Removal of a cellophane-wrapped kidney from ani-
mals in whom hypertension has followed the application to one
kidney causes the hypertension to disappear, provided it has not
persisted for a long time." Saphir24 reports severe arterial hyper-
tension secondary to unilateral malignant nephrosclerosis which he
interprets to have been associated with unilateral renal ischemia. In
both of these examples renal insufficiency developed, precipitated in
one instance by congestive heart failure, in the other by acute ascend-
ing pyelonephritis involving the good kidney. Saphir reports the
absence of necrotic changes in the arterioles of the ischemic kidney
and explains this on the basis of a stenosis of the intrarenal vessels
which militated against the presence of severe hypertension within
these arterioles.
Chart III includes pertinent facts concerning nine dogs after
ligation of both main renal arteries. The rise in blood pressure, as
reported by previous workers, is not constant. Goldblatt" has sum-
marized the literature recently and reports that the simultaneous
occlusion of the main renal artery of both kidneys in four dogs was
followed by slight or moderate elevation of blood pressure.
Emphasis is placed on the fact that the hypertension after complete
occlusion does not reach the high level attained after moderate con-
striction of both main renal arteries. Indeed, it may not rise at all
(Nos. 331 and 374). The records in Chart III show discrepancies
in response not only between the different animals but also in their
successive daily blood-pressure readings. The maximal rise seems
to be attained on the second day, and thereafter it usually falls.
The lesions encountered in vessels and heart, to be detailed later,
especially the myocardial necroses, may be associated with an inabil-
ity to sustain the high pressure. Moreover, variation in the amount
of vasopressor and vasodilator substances absorbed from the kidneys
may play a part. Again, the difference in response may be inherent
in the animal and based on the influence of many different factors.
The non-protein nitrogen of the blood, unfortunately, was not
charted for every animal. Enough data are available, however, to
show not only that this rises progressively as it does after removal
of the kidneys, but also that the rise is more abrupt and the level
attained by the third day is as high as is that found in the second
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group of animals on the sixth day. This is well illustrated in
Graph I.
It is interesting to note that Goldblatt11 found that a simul-
taneous occlusion of the main renal arteries of both kidneys in four
dogs was followed by severe "uremia." Analysis of the figures in
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GRAPH I. Comparison of the rise of blood pressure
and non-protein nitrogen after bilateral nephrectomy
and after ligation of both renal arteries.
his charts 5, 6, and
7 for three of these
animals, compared
with those of his
chart 4 for a bilat-
erally nephrecto-
mized dog, shows
the same more acute
rise of blood urea in
the animals with
ligated arteries in
contrast to the bi-
laterally nephrec-
tomized animals, as
is illustrated by the
experiments here re-
corded. The con-
clusion cannot be
avoided that liga-
tion of both main
renal arteries is followed much more rapidly by an increasing eleva-
tion of the blood non-protein nitrogen than is bilateral nephrectomy.
The explanation of this fact is not now available. Later in the
report it will be discussed in association with electrolyte changes in
the tissues and blood.
Survsival time
Even more striking than the difference in the rate of rise of the
blood non-protein nitrogen is that of the survival time in the two
groups of animals under consideration. After ligation of the main
renal artery of both kidneys the animals very rarely live for four
days; they may die at the end of two days, the average is three.
Recovery from the anesthesia is rapid and complete, and usually the
animals seem quite well for the first 24 hours. Occasionally, how-
ever, vomiting begins on the first postoperative day and in general
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is more marked than in the nephrectomized dog. The vomitus may
be blood stained and the animals may have variable amounts of
blood in the stools. On the whole, however, the animals appear
fairly well on the second day except for the fact that food is refused
and only occasionally will one drink water or milk. Then, sud-
denly, they seem to become much more critically ill, usually on the
third day. In several instances supportive and prophylactic blood
letting, transfusion, and intravenous saline and glucose were tried,
but without apparent beneficial effect. Indeed, several of the ani-
mals showed marked evidence of failing circulation and one died
during atransfusion. This may be further evidence of cardiac dam-
age (so well illustrated by the electrocardiographic changes) which,
as will be seen, is a constant and striking post-mortem finding.
Anatomical changes
The brevity of the period that elapses between the ligation of
both main renal arteries and death is associated with the good condi-
tion presented by the animals at post mortem. They show no
emaciation; the operative incisions show healing by primary inten-
tion and are only slightly more congested or hemorrhagic at their
periphery than is usual after operation in animals that have not
previously had their renal vessels ligated. The serosal surfaces of
the peritoneal cavity are moist and glistening, and inspection reveals
the red discolorations, so well described by previous authors, in the
subserosa of the alimentary canal, the uterine horns, in the walls of
thegall-bladder and, indeed, of all hollow muscular viscera, and also
in the diaphragm. It should be pointed out that the lesions after
ligation of the renal arteries occur within three days and conform
in size and distribution to those described by Goldblatt,'2 Wilson and
Pickering,29 and others after much longer periods of hypertension
and azotemia associated with constriction of the renal artery or other
methods designed to reduce arterial flow in the kidney. The dis-
colorations are perhaps more marked in the subserosa of the large
bowel and fundus of the stomach, particularly on its posterior wall,
but this is by no means a rule. Indeed, their extent and location is
quite inconstant, except that they do occur in the walls of muscular
viscera. The simplest of these can be described best as a series of
parallel red lines, often not more than 0.5 cm. in length and much
less than 1 mm. in thickness. They may be slightly spindle-shaped,
tapering toward both ends. Careful inspection often shows a second
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series of similar red linear demarcations running at right angles to
the first series and located deeper in the wall. This suggests that
they are associated with the muscle bundles of the longitudinal and
transverse layers respectively. They are well illustrated in Fig. 11.
At a later stage irregular, more or less circular, dark red areas may
extend from one or more of these red lines (Fig. 12). Gross dis-
section shows that such an extension of the discoloration may occur
from either the more superficial or the deeper striations described
above. Occasionally, mild hemorrhage into the peritoneal cavity
results fromtherupture of such apatch. More frequently adiffuse,
red, swollen, subserous mass indicates hemorrhage into an edematous
connective tissue. Such an extravasation obscures the pattern
described for the earlier lesions and, indeed, of reasonably large
areas ofthe wall ofthe alimentary canal, particularly of the stomach,
cecum, and gall-bladder.
The pleural cavities are smooth and moist and the fluid, usually
small in amount, is quite clear. On the other hand, the subpleural
surfaces of the lungs almost invariably show hemorrhages. These
vary from petechiae to much larger irregular foci which are encoun-
tered also on section of the organ. Most frequently they seem
perivascular in distribution. Occasionally, blood is found in the
bronchi. The pericardial sac usually contains only a small amount
of fluid; rarely is it blood-tinged. This undoubtedly results from
extension of the subepicardial hemorrhages which are practically
constant and often striking. They are distributed along the course
of the coronary arteries, especially the anterior descending branch,
and they sometimes reach as high as the main stem of the pulmonary
arterywherelarge hemorrhages are frequent, as previously described
and illustrated in Fig. 1. (See Winternitz and Waters.81)
Particular interest in the vascular system necessitated a change
of procedure in the examination. In this new procedure the portal
vein is gently palpated and opened. (In a group of animals so
examined no lesions of this vessel were encountered.) Then the
intestine, spleen, pancreas, and stomach are removed together. The
lobes of the liver are next cut away from their juncture with the
cava. After lifting the middle of the back of the animal six inches
or so from the operating-table, and with good illumination, the cava
is opened, beginning at its bifurcation and the incision is continued
through the mouth of the right auride up the superior cava. While
this is being done, normal saline is allowed to flow gently over the
intimal surface to wash away the blood. It then becomes evident
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that there are subendothelial hemorrhages in the various portions
of the vessel. These are especially frequent at the junctures of the
superior and inferior cavae with the auricle, where the wall of the
vein is reinforced by heart muscle. They also occur where the cava
passes through the liver, and more rarely at other sites. The right
auricle is then opened in situ and the incision is extended through
the auriculo-ventricular ring to expose the tricuspid valve and the
rightventricle. Furtherextension alongthepath ofblood flow gives
a desirable view of the pulmonary valve and the pulmonary artery
and its larger branches. The continuous saline irrigation is a great
aid in removing the blood and exposes the endocardium and under-
lying myocardium to inspection without manipulation. This is
important. Usually, hemorrhages are seen to be abundant both in
the subendocardium of auricle and ventricle and in the tricuspid
valve. They are much less frequent in the pulmonary valve. The
pulmonary artery, as has been reported previously, almost invariably
shows discoloration and bulging hemorrhage on the intimal side
opposite the adventitial hematoma already noted. (See Figs. 1
and 2, Winternitz and Waters.3") The discolorations, however,
are not confined to this one point and may be encountered at other
places in the pulmonary bed. As has been indicated before, lesions
ofthe wall of the pulmonary artery, due probably to infestation with
a parasite at the point where hemorrhage is most frequent, indicate
that some peculiarity of structure may be associated with the locali-
zations. The left auricle is then opened from the pulmonary vein
and the incision extended through the left ventricle and into the arch
ofthe aorta. The picture as found in the right heart is encountered
in the left also. Nothing more need be said of the auricles. The
mnitral valve is a very frequent site of hemorrhage and the sub-
endocardium of the left ventricle becomes increasingly discolored
by extravasated blood as the apex is reached. The aortic valve
rarely shows hemorrhages and they are less frequent in the arch of
the aorta than in the pulmonary arteries. At this point the lungs
and the vena cava are removed and the incision in the aorta, begin-
ning at its bifurcation in the abdomen, is continued through the
thorax and into the carotid arteries. Before these vessels are opened,
adventitial hemorrhages can be seen. They are not constant in inci-
dence or size, but are frequent enough to deserve mention. Some
of these extend well into the wall of the vessel and result in pictures
similar to those described for the pulmonary artery. Occasionally
a small clot, deep red in color, is found hanging by a thread from
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the bulging endothelium over such a hemorrhage. Nothing that
could be confused with a thrombus in the usual sense of this term
has been encountered in this particular group of animals. Inspec-
tion of the myocardium indicates that the subendocardial hem-
orrhage often extends for several millimeters into the muscle itself,
from both the epicardial and the endocardial sides. Besides this,
and even without the presence of red discolorations in the muscle,
the myocardium often is mottled by grey or even yellow patches that
alternate with the usual pale red tissue. The spleen occasionally
shows dark red, wedge-shaped, marginal, elevated zones that sug-
gest infarction, but on incision no evidence of necrosis is present.
Occasional fleck-like hemorrhages are encountered in the patwreas.
When the stonach and intestine are opened, fluid blood may be
encountered and the wall of the gut is often many times its normal
thickness, as illustrated in Figs. 13 and 14. The increase in width is
due primarily to great widening of the submucosa. It presents a
watery translucence, occasionally discolored with blood. The sub-
serous coat and, more often, the muscular coat, may show focal dis-
colorations. Particular attention should be paid to the surface of
the mucosa. Alimentary parasitic infection is frequent, as is well
known, and is associated with superficial hemorrhages of the mucosa.
These should not be confused with the discolorations that lie deep
in the intestinal wall and involve the submucosa, the muscularis,
and the subserous layers. Occasionally, such an originally deep-
seated lesion may extend to the mucosal surface of the gut and be
associated with ulceration. The kidneys show extensive necrosis, as
would be anticipated after ligation of the arteries. The extent of
the involvement varies somewhat in different animals, and probably
is dependent upon survival time as well as upon the available col-
lateral circulation. The urinary bladder frequently shows extensive
submucous hemorrhages that correspond in every way to those
described for the alimentary canal, and this is also true of the uterine
horns, the esophagus, and other muscular organs, including the gall-
bladder. All of these viscera may show thickening of their walls
by exudate similar to that described for the alimentary canal.
A few other lesions should be mentioned. The liver is often
quite swollen. Hemorrhages occur in the subcapsular region occa-
sionally, but rarely are they to be distinguished in the parenchyma.
The ovary has shown no gross lesions, but occasionally the testis or
epididymis has been found to be greatly swollen with extensive hem-
orrhage spreading along the spermatic cord. Few gross lesions
638THE KIDNEY AND CARDIOVASCULAR DISEASE
have been encountered in the central nervous system, and the eyes
that have been examined have only rarely shown hemorrhage in the
subretinal tissues. The lesions of the central nervous system will
be included in subsequent reports of the animals in this and other
series. The diaphragm frequently shows grey or yellow discolor-
ations and also subserous hemorrhages, which may extend between
the muscle fibers as theydo in the intestinal and cardiac muscle. On
the other hand, skeletal muscle seems to be free of involvement.
Only rarely have subcutaneous hemorrhages been encountered at a
distance from the operative site, as over the thorax, for example.
No definite statement can be made concerning the adrenal glands,
since they are so near the operative site which, as has been said, is
frequently hemorrhagic.
Histologically, the lesions that have been encountered fall into
three distinct categories,-edema, hemorrhage, and muscle necrosis.
Edema: The edema found grossly in the heart valves, the sub-
mucosa, and the subserosa ofhollow muscular viscera, and to alesser
extent in parenchymatous organs and the lungs, is variable in extent
and may be great. In the simplest form the fibers of the tissue
in which the edema is located are spread apart, bringing the minute
structure of the tissue of the organ into relief when there is no
deposition of material in the interstices. More often, acidophilic
granules, varying from minute particles to rather large masses, are
found. At times this assumes a net-like formation and simulates
fibrin closely. Not infrequently this exudate is complicated by red
blood cells which are found invarying states ofdisintegration. The
similarity of the staining reaction between the red blood cells and
this acidophilic deposit may be confusing, especially when the red
blood cells have agglutinated to form larger red-staining clumps.
Other cellular elements also occur in this exudate, but they are not
striking. They consist of large mononuclear cells and also of poly-
nuclear leukocytes. Bacterial masses are not demonstrable, and in
those instances where blood culture has been made no organisms
have been recovered. In the lung the edema is more marked in
the perivascular spaces, but it extends also into the alveoli. Red
blood cells invaryingnumbers frequently are present in this exudate.
Secondary infection ofthe lungs with terminal bronchitis or broncho-
pneumonia may complicate the picture. In the liver the cells are
often large, irregularly vacuolated, and separated from the endo-
thelial sinusoids. The perivascular tissue of the larger arteries and
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veins shows an edema like that of the lungs and this also may be
complicated by the presence of red blood cells.
Hemorrhage: The hemorrhage requires little discussion. The
subendocardial and valvular edema fluid, as has been said, often
contains extravasated red blood cells and these reach such numbers
at times that nothing but the dosely packed erythrocytes can be
distinguished. The same variation in the extent of the extravasation
of red cells is encountered wherever exudation occurs. The red
cells, as a rule, are well preserved, but they may appear as agglu-
tinated acidophilic clumps, the elements of which are more or less
unidentifiable. Very often indeed these hemorrhages run along the
course of vessels and it is natural to associate them with the lesions
well known to involve vessel walls under the conditions of these
experiments. That this is not always true has been reported by
Goldblatt"3 and now is confirmed; serial section of a number of
small hemorrhages has failed to reveal vascular lesion. It should
be emphasized, therefore, that hemorrhage may occur, following
ligation of the renal arteries, without change in associated larger
vessels. This statement does not imply that hemorrhage may not
be a sequel to lesions oflargervessels, and indeed this is well known
to be true. In recent experiments, fatal extravasations have fol-
lowed a single injection of tissue extract shortly after the introduc-
tion of the material into the circulation. Sufficient time did not
elapse for necrosis to be demonstrable by the usual staining technic,
but obviously the rupture of a large artery had occurred. Such
extensive processes are not encountered after simple ligation of both
main renal arteries.
Muscle necrosis: In the early stages these mural lesions appear
as irregularly shaped, bright, fuchsin-staining foci, approximating
the size of a red blood cell so closely that they can be confused
readily with the known extravasation of red cells in the walls of
larger arteries and veins. Careful study indicates dearly that such
red foci may be individual muscle fibers of the walls of the vessels
which have undergone necrosis and which are now more acidophilic
in staining reaction. This is illustrated in Figs. 15 and 16 and has
been encountered repeatedly in the walls of vessels taken from areas
far removed from any gross or microscopic red blood cell extravasa-
tion. Later stages of this muscle necrosis in the wall of the vessel
result in confluence of Ithe necrotic fibers which together with
amorphous acidophilic exudate form the well-known "fibrinoid"
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collar that involves the walls of arteries and veins. This usually
stains specifically for fibrin. (Figs. 5 and 6, Winternitz and
Waters.31) As is well known, it may extend through the adventitia
and into the surrounding soft tissues (Fig. 17) or it may bulge the
endothelial liningofthe vessel into the lumen. (Fig. 6, Winternitz
and Waters.31) As a rule, the picture is uncomplicated by extensive
cellular reaction, but this is not always true, as is illustrated well in
Fig. 18. Here, mononuclear cells as well as polynuclear leukocytes
have accumulated on the adventitial side of the vessel and also form
a small mural non-ocdusive thrombotic mass. In vessels of lesser
caliber the fuchsin-staining collar may be continuous with a similar
occluding mass inthevessel, and here again the complicating cellular
reaction sometimes occurs.
With the realization that edema, hemorrhage, and muscle
necrosis are associated with the lesions in the vessel walls, re-exami-
nation of the changes in the larger arteries, including the aorta and
pulmonary artery, was undertaken. It then became evident that
edema occurs without either hemorrhage or muscle necrosis.
Lesions, such as those illustrated in Figs. 3 and 4 (see Winternitz
and Waters31) of the dog aorta, and which are entirely analogous
to those encountered in the human aorta, occur repeatedly. The
elastic fibers are spread apart widely, the delicate connective tissue
and the few small and inconspicuous muscle cells together with the
occasional intramedial branches of the vasa become more conspicuous
in this edematous focus. Other sections show definite necrosis of
the muscle fibers, together with edema. The smooth-muscle cell
becomes prominent as its protoplasm stains more intensively with
the acid dye and its nucleus becomes pyknotic. Such fibers are
found in thesubendothelium of the intima, more frequendy between
the elastic fibers of the media, and also as large bundles in the
adventitia. The latter are not commonly necrotic, but when such
change has occurred the large acidophilic mass is striking, as illus-
trated in Fig. 19. A third lesion, already described for the large
vessels, is characterized by hemorrhage. The adventitia may be
involved but the conspicuous change is in the media. Here lakes of
redblood cells lie between widely spread elastic fibers with gradually
narrowing extensions toward the intimal endothelium. Such lesions
maybeencountered without change of the adventitial vasa (Fig. 20).
However, the latter often show medial necrosis and this also occurs
in the small medial branches (Fig. 2, Winternitz and Waters31).
Various processes not mutually exclusive, therefore, must be con-
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sidered in relation to hemorrhagic medial necrosis. These include
lesions of the larger intramedial vasa, necrosis of smooth muscle,
and hemorrhage.
The lesions of the alimentary canal fall into the same categories
as those of the great vessels. Edema may occur alone, as illustrated
in Fig. 14. It is unnecessary to analyze further the changes in the
vessels, since they conform in every way to those already described.
Necrosis with and without hemorrhage occurs in the wall, and hem-
orrhage may occur without evidence of change in vessels. The
longitudinal and transverse coats of the smooth muscle of the intes-
tine are of particular interest. The gross picture, illustrated in
Fig. 11, frequently is associated with a microscopic change such as is
illustrated in Fig. 21. A central small arteriole or venule shows
necrosis of its wall and is surrounded by a hemorrhage, the extent
and configuration of which are determined in part by the architecture
of the surrounding muscle fibers. On the other hand, such hem-
orrhage may be encountered when, as has been said, serial sections
show no associated arterial lesions. More surprising, however, than
this is the fact that the red linear markings may not be associated his-
tologically with hemorrhage. They may show only necrosis of the
muscle fibers, as is illustrated in Fig. 22. Just why they should
appear red in the gross is difficult to explain. There may well be
some stage in the necrosis of the muscle fiber when it becomes more
translucent and allows the blood in the surrounding capillaries to
lend color to it. A detailed study of the smooth muscle of the
various hollow viscera indicates the difficulty in coming to conclu-
sions concerning the various stages of disintegration that can occur
in smooth muscle. Among the earlier manifestations of change is
a thickening of the muscle coat with each individual cell clearly
defined as a spindle and separated more than usual from its neigh-
bors. This may represent edema and swelling of the fiber, but in
later stages (Fig. 23) the myoplasm may be bunched, so to speak,
in a part of the cell with the remainder quite clear, resembling
closely similar contracture states of diaphragmatic muscle (Fig. 24).
The tinctorial reactions ofsuch cells are often altered, but it is impos-
sible to saythat they cannot recovertheir normalstate.' When necro-
sis finally is identifiable the cell is not only acidophilic but its nucleus
has gone through a pyknotic stage and is no longer stainable. The
Wilder stain shows the intermuscular reticulum to be well preserved
with the muscle fiber swollen, contracted, or actually absent (Figs.
25 and 26). The cytoplasm of the muscle fiber is brown and easily
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differentiated from the well-preserved muscle, which is light grey.
With this stain, necrotic muscle fibers are also made out readily
among the red blood cells of an intramuscular hemorrhage. Later
the reticulum also may break down. Such areas are composed of
dead muscle, red blood cells, remnants of reticulum, and exudate,
and together form the varying sized acidophilic masses just as they
do in the walls of blood vessels.
It will be recalled that one of the bilaterally nephrectomized
animals showed intussusception at death. This process has been
encountered frequently--12 times in the series of 300 animals.
Proof is not available for the statement that the muscle necrosis may
be a cause for intussusception, but the possibility cannot be denied.
It is interesting to note that the changes described for smooth
muscle can be applied to heart muscle as well. The grey, or even
yellow, mottling of the myocardium may result from necrosis of
this tissue without hemorrhage or change in the larger vessel walls
(Fig. 27), but it is often associated with hemorrhage or vascular
necroses(Fig. 28). However, it must be emphasized again that such
hemorrhages may not result from lesions of the larger blood vessels.
Indeed, mural vascular lesions of intramyocardial vessels, entirely
similar to those described for other organs, have been encountered
frequently where there is no evidence of any red blood cell extra-
vasation. The same lesions-edema without hemorrhage or
necrosis, hemorrhage with and without necrosis of larger vessel
walls, necrosis of larger vessel walls without hemorrhage-occur in
the myocardium. Necrosis of the striated muscle of the diaphragm,
with and without lesions of the arterioles, or hemorrhage is also
encountered.
All ofthisevidence indicates strongly that three distinct processes
are involved in producing the gross and microscopic lesions encoun-
tered after ligation of the renal artery. These changes include
interstitial edema, hemorrhage of capillary origin, and necrosis of
muscle including the smooth muscle of the blood vessel wall,
whether of artery or vein, the smooth muscle of the alimentary
canal and of other muscular hollow viscera such as the gall-bladder,
the urinary bladder, the uterine horns, the heart muscle, and
that of the.diaphragm. The skeletal muscle has not been involved
so far to a sufficient degree to bring the lesions to attention.
Through the cooperation of Doctors Winkler, Hoff, and Smith
we have had the opportunity recently to examine dogs whose ureters
had been ligated. Here, as in the other experiments, the effort
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was made to make the anatomical study immediately after the death
of the animal. The gross and microscopic findings cannot be differ-
entiated from those seen after ligation of both main renal arteries,
except for their extent, for the changes in the kidneys, and for a
somewhat increased edema or fluid content of the serous cavities.
A brief description of the renal lesions follows-a more detailed
study will be induded in a subsequent report.
The kidneys invariably are markedly enlarged, their capsules
are tense and occasionally covered by a thin fibrinous exudate. As
a rule they strip easily. The parenchyma shows not only hem-
orrhages of variable size on the surface, but discolorations that sug-
gest infarcts when the organ is cut. The cortex in general is swollen,
the striations indistinct, and the pelvis moderately dilated. The
content of the pelvis occasionally includes a granular, soft, brown
material. Histologically, the glomerular spaces and tubules are
dilated and contain granular material. Hemorrhages of capillary
type are encountered in the labyrinth. The epithelium of the
tubules and the blood vessels is well preserved except in the zones
already described which proved, histologically, to be infarcts.
Here the tubules show the usual appearance associated with the early
stages of such a process. The glomeruli show more marked necrosis
and acidophilic staining of their loops than occurs after ligation of
the arteries. Walls of arterioles and venules in these necrotic zones
also show the characteristic acidophilic staining of necrosis. Thrombi
are identified in the infarcted areas.
Summary
Ligation of the main artery to one kidney results only in a tran-
sient rise in the blood pressure and in the non-protein nitrogen of
the blood. The resultant infarct in the organ usually is very
extensive.
Ligation of the main renal artery of both kidneys may result in
a moderate but definite rise in blood pressure which tends to fall
again on the last day of survival of the animal. Occasionally, there
is no appreciable change in the blood pressure. The non-protein
nitrogen of the blood rises rapidly and by the third postoperative
day equals that of the sixth day after bilateral nephrectomy.
Vomiting is a prominent feature of the short clinical course and
blood is encountered in the vomitus but not as frequently as it is in
the discharge from the bowel. The animals give evidence ofserious
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illness rather suddenly during the latter part of the second post-
operative day and then become progressively ill with signs of central
nervous system irritation, including nystagmus and, rarely, convul-
sions. The short survival period contrasts sharply with that of the
nephrectomized animal. Death has occurred after ligation of both
renal arteries not later than the fourth postoperative day, while
animals whose kidneys have been removed often live twice, rarely
three times, as long.
The gross post-mortem examination shows hemorrhagic lesions
of wide distribution similar to those described as following much
longer periods of hypertension and azotemia after constriction of
the renal arteries. Edema, hemorrhage, and necrosis of musde,
including heart muscle, smooth muscle of blood vessel walls, hollow
viscera, and diaphragmatic muscle, are the lesions encountered.
Considerable variation occurs in the extent of the three processes.
Edema without hemorrhage or necrosis is found, as well as is hem-
orrhage without necrosis, and vice versa. The lesions are conspicu-
ous in the heart and blood vessels and also in the smooth muscle of
viscera. In the wall of a great artery the resultant lesion is indis-
tinguishable from the so-called "idiopathic hemorrhagic medial
necrosis." Thetendency of the blood pressure to fall duringthe last
day of life, as well as the care with which intravenous fluid must be
introduced, may be assocated with the extensive myocardial lesions
encountered. Mural vascular changes rarely lead to occlusive
thrombi except in smaller vessels.
It should be emphasized that a minimal representation of the
extensive anatomical changes found after ligation of both main renal
arteries may be demonstrated by detailed examination when death
follows after removal of the kidneys. Consequently, absorption
from the necrotic kidneys cannot be considered the only responsible
factor.
After ligation of both ureters the lesions encountered, except for
those of the kidney, conform to those that result after ligation of
both main renal arteries. The kidneys in this instance are swollen
and show hemorrhages and infarcts. Histologically, the glomer-
ular changes in the infarcts are much more extensive than are those
of similar areas after ligation of the renal arteries. The glomerular
loops show hyaline necrosis and this is also encountered in the
arterioles and veins of the infarcted zones.
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III
EFFECT OF THE INJECTION OF KIDNEY EXTRACTS INTO
BILATERALLY NEPHRECTOMIZED DOGS
The possibility immediately suggested itself that absorption
from the kidneys after ligation of both main renal arteries is respon-
sible for the more rapid death, the more acute physiological changes,
and the more pronounced lesions manifested by this group as com-
pared with dogs after bilateral nephrectomy. It seemed reasonable,
therefore, to attempt to produce similar conditions by daily intra-
venous injections of extracts of kidney during the relatively long
survival period after ablation of the kidneys. Extracts of necrotic
dog kidney, as well as of normal dog kidney, were utilized in the
earlier experiments; later the kidneys of other species also were
studied.
Materis and methods
The kidneys were removed from dogs under the usual aseptic precau-
tions. The normal organs were obtained in the preparation of the nephrec-
tomized animals; the necrotic kidneys were secured from dogs in which both
main renal arteries had been ligated and whose kidneys were removed imme-
diately following death. Here, also, the precautions usual in an aseptic
surgical procedure were followed. The organs were immediately placed in
sterile, covered containers, and were promptly minced in a sterile Latapie
grinding machine. The resulting puree was taken up with three parts its
weight of sterile normal saline. This suspension was agitated for approxi-
mately 10 minutes, placed in sterile centrifuge tubes in quantities of 20 to
30 cc. each, and then stored at a temperature below freezing until needed
for use. After thawing, the emulsion was centrifuged in the same container
and the supernatant fluid was filtered through two thicknesses of sterile, coarse,
filter paper. This filtrate was controlled with the microscope to exclude
particulate matter. It was then taken up in a sterile glass syringe and injected
into a vein of the foreleg.
The animals to be injected were kept under observation regularly for not
less than three or four days, during which the blood pressure and non-protein
nitrogen were determined, and preparations for operation completed. After
this period the kidneys were removed-at first in a one-stage procedure, later
with a week or more intervening between operations. Injections were begun
within 24 hours after total nephrectomy. As a preliminary step, the cuff of
a recording apparatus was placed in position, a reading of the blood pressure
was obtained, the injection completed, and subsequent repeated records were
made at short intervals until the pressure again had become stabilized.
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Chart IV presents data on three dogs receiving the necrotic and
three the normal kidney extracts. Comparison of the results
on the two groups fails to reveal any noteworthy differences
between them. For purposes of
further analysis of the findings it llpO mg-%
will be unnecessary to differentiate 4oo0.
between the effects of the normal 380. 360o. and necrotic kidney extracts, sur- 340..
prising as this conclusion has been. 320-/
The pre-injection systolic blood c
280- pressure from day to day conforms 260-
in general to that of the bilaterally z4o0-
nephrectomized dog. The ten- 2200-
dency to rise is evident but not 180-
marked, and the tendency for it to r60o -
fall again toward the end of the I%0-
experiment should be pointed out. Ioo.
The non-protein nitrogen of the 80.
blood rises rapidly and the curve 6
conforms reasonably well to that o0-
following ligation of both main Z 4 5 6
renal arteries; that is, it rises more
D 006 NO.73 B3LATRAL LiGATION
rapidly than is true after bilateral OF RENALAR.TERIES
nephrectomy alone. This is well HI EPHRLECToMy
illustrated in Graph II. The rise +-4 DOG.NO107BILATEIAL
, . . .. . N~~~~~EP14RECiii AND IWF-TION in the nitrogen is not attributable OF KIDNEY EXTRACT
to specific content of the extract GRAPH II. Comparison of the rate
injected, as is demonstrated by the of rise of the non-protein nitrogen of
following test: the blood after bilateral ligation of the
renal arteries, bilateral nephrectomy, Dog No. 107. Tested on the fourth and bilateral nephrectomy followed by
day after bilateral nephrectomy. Non- the injection of kidney extract. The
protein nitrogen of the blood = 288 more rapid rise of the non-protein ni-
mgm.7o. Injection of 15 cc. of kidney trogen after ligation of both renal ar-
extract; non-protein nitrogen of the teries or the injection of renal extract
blood immediately following injection = into nephrectomized animals, as com-
280 mgm. o. pared with bilateral nephrectomy alone
is well illustrated.
Further discussion of this acceler-
ated rise in the non-protein nitrogen of the blood is deferred, except
for the following comment. Since the curve manifested by the
animal with both main renal arteries ligated is reproduced with renal
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extract in the nephrectomized animal, it may be concluded that
absorption from the ligated kidney is the explanation of the changes
in the first group.
The survival time of the animals, in the majority of instances,
falls between that of the bilaterally nephrectomized and the ligated
artery groups. Variations depend, in part, upon the amount of
extract used in the injection; the larger the quantity, the shorter the
life period, and vice versa.
The response to the injection is not constant, either from day
to day in the same animal or in different animals injected with the
same extract. Most frequently the pressure rises, rarely it falls,
and even less often no appreciable change occurs. In these early
experiments, controls on the blood pressure were made with normal
saline in amounts equal to the extract used, and a few animals were
injected with 1 to 2 cc. of a 1: 1000 dilution of adrenalin intra-
venously. The saline caused a minor change in pressure, usually
a rise of less than 15 mm. Hg; the adrenalin caused a striking
acute rise of 100 to 150 mm. Hg within one minute and this was
followed by a prompt fall to the pre-injection level within two or
three more minutes. This contrasts with the typical curve elicited
by the extract. The rise is much more gradual and may attain its
ultimate height only after several minutes. The fall is even slower,
and 15 or more minutes may elapse before the pre-injection level is
approached. All of these facts are illustrated more dearly with
purified pressor substances extracted from the kidney. (See
Graph III.) This is in accord with the observations of all previous
experimenters in this field.
A primary fall in pressure is shown only by animal No. 31,
following the last of four injections on successive days. The curve
ofthis reaction and the subsequent rise are of interest. The pressure
dropped so low it could not be recorded for ten minutes, and then
rose considerably above the pre-injection level in the next five
minutes. These effects were confusing, but as will be seen later,
they aredependent largelyupon definite factors in the extract. With
the shock effect manifested by the acute drop in vascular tension, the
animals often showed nystagmus and, occasionally, convulsions. It
has not yet been possible to analyze relations among these various
manifestations. Since nystagmus and convulsions may occur without
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anaccompanying change in pressure, either rise or fall, the possibility
that they may be due to different causes must be considered.
300~~~~~- R Goc NU245 Ql CCADIX^AIN 1:1000 11-1-39
275 *-ooe NO. 152 I CC. ENIN 0. PROTEIN CONTENT 3.25 MG
i:t 4 d 6 7 8 9 10 11 ek §s a as.a6ats 'sto
TIME IN MINUTES
GRAPH III. Comparison of the blood-pressure curves after intravenous injec-
tion of adrenalin and renin. Peak of adrenalin effect 4.5 seconds after injection.
Peak of renin 5 minutes after injection. The blood pressure returns to pre-injection
level after 3 minutes with adrenalin, with renin it is still 50 mm. Hg above the pre-
injection level after 20 minutes.
The absence of a change in blood pressure is more difficult to
explain and was encountered far more frequently, as will be seen,
with the crude extracts than with the fractions subsequently utilized.
The tendency for the pre-injection level of the blood pressure to
be elevated with successive daily injections also should be noted.
Another observation may be pertinent: with each injection accom-
panied by elevation of pressure, the force of the heart beat became
much stronger. This has not been studied further up to the present,
but the suggestion that a central effect plays a large role cannot be
disregarded.
Vomiting was pronounced and frequent in this series of dogs.
It often followed immediately after the first injection and interfered
with the blood-pressure reading; after successive injections it became
more constant. Occasionally the animal vomited before injection
and thereafter without relation to any type of treatment or manipula-
tion. There can be no question concerning the increased frequency
of vomiting in bilaterally nephrectomized animals injected with
renal extract, as compared with those subjected only to removal of
the kidneys.
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Anatomical changes
The anatomical changes correspond so completely to those after
ligation of both main renal arteries that it would be superfluous to
describe them further. Slight variation in number, extent, and
location of hemorrhage, muscle necrosis, and edema occurs and this
is associated in part directly with survival time and with the amount
of extract injected.
As has been shown, from all practical standpoints the effects of
the injection of extracts of necrotic and normal dog kidney into the
bilaterally nephrectomized dog are identical. The question of
species specificity immediately arose, and the results of experiments
designed to clarify this follow.
Materials and methods
Pig kidneys, obtained at a nearby abbatoir, were removed from the body
promptly after slaughtering. With their capsule of adipose tissue they were
placed in a container with dry-ice and brought to the laboratory. After the
renal tissue was shelled from its envelope, with sterile technic, the medulla
was removed largely and the cortex was cut into pieces of varying size,
depending on the subsequent treatment. Reasonably large pieces are adapted
for use with the Buchner press, smaller masses are necessary for the Latapie
apparatus, and mincing is essential for some extractions to be reported later
in this paper. It was deemed necessary to compare extracts of Buchner press
preparations with those from the Latapie apparatus to see if differences in
behavior might accompany the more complete cell destruction involved in the
first procedure. For dialysis, cellophane dialyzer tubing was always used,
and the relation between the inside and outside fluids was at least 1:5. The
outside fluid was renewed several times during the procedure. During
dialysis the apparatus was held in the ice-box.
Chart V includes the data on six animals injected on successive
days after total removal of the kidneys. Two of the dogs received
extract of pig kidney, prepared with the Latapie apparatus, two
received the Buchner press preparation, and two were given this
second extract after prolonged dialysis. The blood-pressure changes
from day to day, as recorded before injection, and the acceleration
of the non-protein nitrogen rise of the blood, as compared with that
of animals subjected only to bilateral nephrectomy, conform in
detail with previous findings and need no further mention. The
variation in survival time is greater between the two animals of each
group than among the three groups. This should be stressed, as
it indicates the difference in the response of individual animals sub-
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jected to the same procedures. Individual variation has been kept
in mind constantly and, in the effort to minimize its influence on
conclusions, a larger series of animals has been used when significant
differences indicated this to be desirable.
The anatomical changes that follow injection of the various pig
kidney extracts are practically identical with those caused by dog
kidney extract on the bilaterally nephrectomized animal. It is
recalled here that gross manifestations have always been confirmed
and supplemented by detailed histological examination. The con-
clusion is reached that the
anatomical effects following 25. M4
the injection of renal extracts DOG NO. 96
into nephrectomized animals 9-5-39
are not species specific. INJECTIoN OF SALINE
Although the anatomical' z0 KIDNEY EXTRACT
changes elicited by both ex-
tracts in the nephrectomized 50
dogs were similar, the blood PRESSURE
pressures of these animals NOTOBTAINABLE
reacted quite differently. A 100
decided fall in the systolic '4
pressure occurred much more
frequently with all ofthe pig
extracts than had been ob-
served previously with ex-
tracts of dog kidney. The 0. . .
reason for this is not known,
bs it FP 20
but it should be pointed out of GRAPH IV. The curve shows the action bthtsboth tedpressor of the depressor substance of the saline ex- that both the depressor and tract of kidney, followed by a sustained rise
pressor actions of the pig in blood pressure above the pre-injection
kidney extracts are quite as level.
definite with the dialyzed
Buchner extract as they are with the undialyzed product. This fact
removes both of these agents from the group of dialyzable pressor
and dilator substances recently discussed by Collip.5 The vaso-
dilator effect is the first to occur, and the pulse may disappear
entirely; rarely, the shock may be so profound that artificial respira-
tion may be necessary for a short time to sustain life. Then the
pressure slowly rises and, as is portrayed in Graph IV, it may con-
tinue to rise until a point much higher than the pre-injection level
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is reached. After this, the pressure falls slowly throughout 20 to 30
minutes to the approximate normal level for the dog. The
depressor effect tends to disappear with repeated injections, but this
is not constant (see Nos. 102, 103, 105, and 106, Chart V). More-
over, the same extract injected into two similarly prepared dogs
may result in no fall in pressure in one, and quite the opposite result
in the other (Dogs 104 and 107 respectively). In the early experi-
ments the dilator substance was thought to be less stable than the
pressor substance, but this impression had to be modified later.
Obviously, since different dogs under similar conditions, so far as
can be determined, react differently to the same substance, the varia-
tion must depend upon the animal. This is further evidence of
the importance of individual variation in the dogs.
Summary
The results of the injection of extracts of necrotic and of.normal
dog kidneys into the bilaterally nephrectomized dog are strikingly
similar. The injection may be associated with a slow rise in blood
pressure, which reaches a maximum only after several minutes (in
contrast with adrenalin, which causes an abrupt spike-like curve
with rise and fall completed before the rise from the extract has
attained its greatest height), and then falls very gradually over an
even longer period before it drops to the pre-injection level. Less
frequently the pressure shows no appreciable change after injection,
and occasionally a sharp fall follows the injection, immediately suc-
ceeded by a slow rise that may attain a height far above the pre-
injection level. Nystagmus, vomiting, and occasional convulsions
may occur, with or without fall in pressure. The blood non-protein
nitrogen of the injected animal has a tendency to rise abruptly,
similar to that of the ligated animal. This rise is not due to the
content of nitrogen of the injected protein.
The anatomical changes duplicate those that follow ligation of
both main renal arteries. Their extent is associated both with the
survival time ofthe animal and with the amount of extract received.
Crude extract of pig kidney obtained by the Buchner press or
theLatapie technics, injectedinto nephrectomized dogs, has thesame
effects as dog kidney extract. The depressor effect is more constant
than with dog kidney preparations.
Dialyzation does not deprive the extract of either its vasopressor
or dilator properties.
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IV
FRACTIONS OF KIDNEY EXTRACT AND THEIR EFFECTS ON THE
BILATERALLY NEPHRECTOMIZED ANIMAL
The accelerated gross functional and structural changes that fol-
low complete ligation of the renal arteries have been reproduced in
the bilaterally nephrectomized dog by the daily injection of the
saline extract ofground whole kidney. The next steps were directed
to fractionation of this extract in an attempt to determine more
specifically the different substances responsible for the various func-
tional and structural effects that have been described.
Previous investigations have had two objectives: the separation
of vasopressor and dilator substances, and the purification of the
pressor substance. It is important at this point to recall the work
of Landis, Montgomery, and Sparkman,19 which shows that the
vasopressor and dilator substances are chemically quite different and
can be separated from the standpoint of physiological effects. Puri-
fied preparations of the pressor substances have been reported
recently, particularly by Helmer and Page,16 Swingle et al.,25 and
by Grollman and his associates.28 From their studies of renal sub-
stance the first and the last of this group of observers have shown
that there are other substances which affect blood pressure.
The experiments to be described next were designed to investi-
gate the role of the pressor and dilator substances and of any other
fractions capable of isolation from the kidney extract which could be
shown to be related to the physiological and anatomical changes
induced by the injection of whole extract into the bilaterally
nephrectomized dog.
Chart VI records the results following the injection of the redis-
solved precipitates of the Buchner extract formed at 1/3 and 2/3
saturation with ammonium sulphate, as well as those secured with
the corresponding supernatant fluids. Briefly summarized, this
table shows that the pressor effects and also the necrotizing and
hemorrhagic lesions follow the injection of the redissolved precipi-
tate formed at 2/3 saturation. The absence ofdepressor effect is not
accounted for, although it is possible that the long period of dialysis
essential to remove the ammonium sulphate may have made it
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ineffective. The fact that the majority of the active factors could
be isolated by precipitation at 2/3 saturation with ammonium sul-
phate led to the effort to remove inactive products by the following
method.
Minced kidney was twice extracted with cold acetone and finally
with ether, and the dried residue was ground in a mill. The dust-
like powder was extracted in a shaking machine with saline (1 to 2
per cent). The insoluble residue was removed by centrifugation
and the supernatant was filtered if necessary. Many experiments
were carried out with this saline extract as such and also after various
treatments. In no instance was there evidence of vasodilator action.
It can be concluded, therefore, that acetone-ether extraction either
removes or inactivates the agent responsible for this effect. These
results accord with those of other observers.9
On the other hand, the pressor effect, as well as the structural
changes described as consequences of renal arterial ligation or the
injection of whole kidney extract, followed the injection of the
saline extract. Obviously, the acetone-ether treatment did not
inhibit the activity of substances responsible for these effects.
Tests made of the precipitate prepared from the Buchner fluid
by 2/3 saturation with ammonium sulphate indicated that some of
the active substances might be larger molecules, or intimately con-
nected with such molecules, as did some of the results obtained with
fractions of the saline extract after acetone treatrnent. Another
type of separation was attempted, therefore, using the high-speed
centrifuge. The Buchner fluid was first spun at 3500 r.p.m. to
remove gross particles. The slightly opalescent supernatant fluid
was then spun at 40,000 r.p.m., and the resultant top and bottom
fluids, as well as the redissolved pellets, were used for bio-assay in
the nephrectomized animal. The significant outcome of these
experiments was the fact that hemorrhage resulted from injection
of the redissolved pellets and that arterial necrosis was not demon-
strable with this fraction. This was the first evidence pointing to
the possible separation of independent agents responsible for hem-
orrhage and necrosis. The pellet contained, along with the hem-
orrhagic factor, the vasodilator substance, which manifested itself by
a marked drop in pressure. It must be concluded that the substances
responsible for these two effects are either large molecules or are
intimately connected with them. The top and bottom fluids both
contained the pressor substance as well as the arterial necrotizing
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agent. As it was impossible to precipitate them even at such high
rotation, they must be classified among the smaller molecules, prob-
ably of protein nature.
Tests made to substantiate this conclusion showed that the activ-
ity of the pressor and necrotizing substances can be destroyed by
heat, as shown by exposing several fluids to 700 C. for 45 minutes.
This heat instability indicates a colloidal nature or a linkage with
such substances. The type of these colloids becomes clear when the
active extracts are incubated with peptic or tryptic enzymes, which,
as has been shown repeatedly, destroy the activity completely. This
indicates that both the pressor and necrotizing substances are either
closely linked with small protein molecules or are proteins them-
selves. As the dilator and hemorrhagic factors also are inactivated
by the same enzymatic exposure, these, too, must be of protein
nature and, as indicated above, of large size.
The procedures outlined so far have not resulted in the isolation
of separate agents responsible for the pressor and necrotizing or
vasodilator and hemorrhagic effects. Further efforts to purify the
pressor substance were motivated by the desire to determine whether
it would continue to exercise both actions or whether a separation
of these could be affected. Thus far it has not been possible to
carry on further studies designed to determine the relation between
hemorrhagic and vasodilator effects.
With respect to the problem of purifying the fraction containing
the pressor substance, we may call attention to the recent publications
by Helmer and Page'6 and by Swingle and co-workers.25 The
former state: "The purest preparations elevate arterial blood pres-
sure 30 mm. of Hg in dogs when injected in amounts representing
0.027 mg. of nitrogen per kilo of body weight." Swingle and
co-workers were able to obtain an average rise of 41 mm. Hg with
0.1 mg. of solid material per kilo of body weight (equivalent to
0.015 mg. N per kilo ofbodyweight). The preparation of Swingle
and co-workers is, therefore, approximately twice as active as is the
preparation of Helmer and Page.'6
Helmer and Page's preparation, "Renin D," was used as the
starting point in our effort to secure a purified kidney pressor sub-
stance. The pressor effects of the various products obtained at
different stages of purification were:
First stage of purification-Dog No. 150; weight, 7 kg. Injection,
1.6 mg. of protein, equivalent to 0.256 mg. of N (i.e., 0.0365 mg.
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of N per kg. of body weight). The average rise in the blood pres-
sure was 80 mm. Hg. The activity ofthis preparation was approxi-
mately the same as that, mentioned above, of Swingle and
co-workers. In detail, the results were:
Initial B P = 100 mm.Hg; after 1' = 180 mm.Hg; at 1X2' = 200
mm.Hg; at 2Y2' = 210 mm.Hg; at 7' = 130 mm.Hg.
Second stage of purification-Dog No. 313; weight 11.25 kg.
Injected with 0.5 mg. of protein, equivalent to 0.08 mg. of N (i.e.,
0.0071 mg. N per kg. of body weight). This material was about
four times more active than was that of the first stage of purification.
The successive readings showed:
Initial B P = 104 mm.Hg; after Y2' = 130 mm.Hg; at 1' = 180 mm.Hg;
at 1Y2' = 195 mm.Hg; at 3/2' = 170 mm.Hg; at 4/' - 170
mm.Hg; at6Y/2' = 160 mm.Hg.
Third stage ofpurification-Dog No. 269; weight 8.5 kg. Injected
with 0.104 mg. of protein, equivalent to 0.0166 mg. of N (i.e.,
0.00195 mg. of N per kg. of body weight). Compared with the
material of the first stage of purification, this preparation was from
8 to 10 times more active. A test of this product showed:
Initial B P = 100 mm.Hg; after Y2' = 120 mm.Hg; at l' = 134 mm.Hg;
at 112' = 146 mm.Hg; at 2' = 150 mm.Hg; at 2Y2' = 158 mm.Hg;
at 314' = 158 mm.Hg; at 4' = 158 mm.Hg; at 5>2' = 154 mm.Hg.
Fourth stage of purification-Dog No. 290; weight 12.5 kg.
Injected with 0.07 mg. of protein, equivalent to 0.01 12 mg. of N
(i.e., 0.0009 mg. of N per kg. of body weight). With this, 0.9 y N
per kg. of body weight caused a rise of 30 mm. Hg in the systolic
pressure. The readings were:
Initial B P = 125 mm.Hg; after >2' = 148 mm.Hg; at 1' = 155 mm.Hg;
at 2' = 150 mm.Hg; at 3' = 150 mm.Hg; at 4' = 145 mm.Hg; at
6' = 138 mm.Hg.
Dog No. 269, weight 8.5 kg., also received this material, being
injected with 0.07 mg. of protein, equivalent to 0.0112 mg. of N
(i.e., 0.0013 mg. of N per kg. of body weight). In this animal,
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1.3 y N per kg. of body weight caused a rise of 50 mm. Hg in the
systolic blood pressure. The figures were:
Initial BP=98 mm.Hg; after 3/2'= 132 mm.Hg; at 1'=140 mm.Hg;
at 2' = 148 mm.Hg; at 2Y2' = 148 mm.Hg; at 4' = 144 mm.Hg;
at 6Y2' = 122 mm.Hg.
Another testwas made on DogNo. 313; weight 11 kg. Injected
with 0.085 mg. of protein, equivalent to 0.0136 mg. of N (i.e.,
0.0012 mg. N per kg. of body weight). Here, 1.2 y N per kg.
of body weight caused a rise of 125 mm. Hg in the systolic pressure,
w,hich is equal to a rise of 60 mm. Hg due to 0.6 y N per kg.
The successivereadings in this dog were:
Initial B P = 115 mm.Hg; after Y/4' = 230 mm.Hg; at 13/4' = 240
mm.Hg; at 1 i2' = 230 mm.Hg; at 2Y2' = 210 mm.Hg; at 4' = 190
mm.Hg.
Therefore, this preparation has been found to be 15 to 25 times
more active than was the product of the first stage of purification.
The fourth stage of purification was attained with equal success
from three different batches of kidney. The adsorption method
(Al(OH)3) with subsequent elution with phosphafe was utilized.
This adsorption-elution sequence had to be repeated three times.
It was found impossible to predict in advance whether the residual
fluid or the eluate would contain the active principle. Therefore,
both were tested, and the positive fraction was used for further
purification.
The largest amount of "fourth-stage product" obtained was
6.8 mg. protein from 15 kg. of fresh kidney cortex. In estimating
the nitrogen percentage 2 mg. of this product were used, and the
remaining 4.8 mg. were ultrafiltered and the residue redissolved in
3 cc. of 0.9 per cent saline. The latter fluid was centrifuged at
high speed and a globulin-like substance was removed. Pressor
effects from this material were absent, whereas the supernatant fluid
was very active. Nitrogen determinations could not be performed
upon the pressor substance contained in this fluid because of the
small amount. It is estimated, however, that the removed globulin
contained approximately /4 of the total N of the "fourth-stage"
substance. This suggests that the pressor substance must be at least
four times as active as the purest product obtained.
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The enzymatic nature of "Renin" also was investigated. Page's
"Renin C" was employed. This material was found to contain a
catheptic (pH 3.8), a tryptic (pH 7), and a catalase-like enzyme.
It was not analyzed for other enzymatic action. Page's fraction
"D" also was found to be high in enzymatic activity. On the other
hand, our "fourth-stage" product was free of such activity. Using
beef serum protein and casein as substrates, and incubating each for
20 hours (the former at pH 4 and pH 7, the latter at pH 7), no
increase in non-protein nitrogen was discernible with either test.
Summary
The pressor, necrotizing, and hemorrhagic effects of whole
kidney extract, as demonstrated with the bilaterally nephrectomized
dog, are found in the redissolved precipitate after 2/3 saturation with
ammonium sulphate of Buchner fluid. The removal of the
depressor activity was incomplete with this method.
Acetone-ether treatment of minced kidney removes the depressor
activity; the pressor, necrotizing, and hemorrhagic activities are not
affected.
The substances which exercise the depressor and hemorrhagic
effects can be precipitated with the high-speed centrifuge; the
pressor and necrotizing agents remain in solution. The difference
in the size of the active molecules of these two groups probably is
the reason for this separation.
All three effects are lost when extracts are exposed to 70° C. for
45 minutes. They also are destroyed by peptic or tryptic digestion.
So it must be assumed that either the substances themselves or their
colloidal carriers are of protein nature.
Purification of the pressor substance was attempted to determine
whether the necrotizing action of the kidney can be separated chem-
ically from the pressor effect. The purest preparation secured,
when injected intravenously into dogs in amounts of 0.6 to 1.3 y
N per kg. of body weight, caused a rise in pressure of from 30 to
60 mm. Hg. Even this very active preparation is not the pure
pressor substance: with the high-speed centrifuge a large inactive
fraction of globulin nature is removed. Less pure preparations of
renin show enzymatic, especially proteolytic, activity. This
decreases as the purity of the preparation increases; the purest
pressor substances obtained showed no proteolytic activity.
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It was impossible to separate completely the pressor and necro-
tizing effects, even though the latter tended to disappear as the
pressor substance was increasingly purified.
V
THE EFFECT OF THE INJECTION OF PURE PRESSOR SUBSTANCES
AND OF OTHER ORGAN EXTRACTS ON THE
NEPHRECTOMIZED DOG
As has been indicated, the chemical purification of the pressor
substance of kidney extract has not been completed; the products
so far obtained continue to exert a necrotizing effect together with
their pressor activity. However, the impression has been gained
that the necrotizing action is progressively diminished with the use
ofincreasingly pure pressor substances. Theprotein of these pressor
preparations decreases with each step of their purification, as is indi-
cated by the relation of nitrogen content and pressor activity. With
this in mind it was deemed desirable to ascertain the effects of
protein-free pressor substances likeadrenalin, pitressin, and tyramine,
and of protein-rich extracts of other organs shown to be free of
pressor substance. It should be recorded here that some protein-rich
kidney fractions failed to reveal either pressor activity or necrotizing
effect.
Following the usual procedure of bilateral nephrectomy, adren-
alin was injected intravenously in sufficient quantity to raise the
pressure at least 100 mm. Hg. These injections were repeated as
often as three times each day in two of the five animals included in
this experiment. The treatment had no appreciable effect on the
survival time of the animals; indeed, one lived for 7 days. Interest
centered on theanatomical findings which are tabulated inChartVII.
These corresponded in detail with those of the untreated bilaterally
nephrectomized animal. Lesions were rare, and consisted only of
slight edema, occasional hemorrhage in the usual locations, including
the heart valves, and musde necrosis in the wall of the intestine,
very infrequently in the myocardium and to an even lesser extent
in small bloodvessels. Thelarge arteries require special mention, for
they presented lesions consistently quite different from those here-
tofore encountered in the pulmonary and other large arteries. They
were not identifiable grossly unless the band-like necrosis running
parallel to the lumen and situated midway in the media was asso-
ciated with hemorrhage. Under the microscope this hemorrhage
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was found to extend between the elastic lamellae and to form an
altogether distinctive pattern, as illustrated in Figs. 29 and 30.
Similar experiments with pitressin failed to reveal these lesions
in the pulmonary artery or any significant anatomical changes that
could be ascribed to the specific agent.
Duff and his collaborators7 have recently reported that tyramine
produces arteriolar lesions after long-continued and large daily
intravenous injections into intact rabbits. When bilaterally nephrec-
tomized dogs are used for bio-assay and tyramine is injected intra-
venously in doses of 5 to 10 mg. on three successive postoperative
days, the lesions encountered at autopsy do not exceed those found
after removal of the kidneys alone. They consist only of very
slight necrosis of the smooth muscle of the intestine, heart muscle,
and diaphragm, and of small hemorrhages. No mural arterial
necroses were found in the two animals used for thisexperiment.
It should be pointed out that blood pressure elevations followed
each daily injection of tyramine. The dose oftyramine was gauged
to cause a blood pressure rise of approximately 100 mm. Hg. The
peak of the curve occurs promptly within one minute. When large
doses, I0 mg., are utilized, this high pressure may be sustained for
several minutes before it begins to fall.
Protein-rich extracts were made from several organs other than
the kidney. These served not only for the purpose of determining
the relation of protein to pressor and necrotizing substances but
also to compare saline extracts of other organs and in some instances
fractions of these extracts to similar preparations of kidney.
Liver, muscle, spleen, and testicle were arbitrarily chosen for the
experiments so far completed, but it now appears that stilf other
tissues should be investigated. The preparations were all made
after the method described for the kidney and were tested upon
bilaterally nephrectomized dogs.
Chart VIII shows that muscle and liver extracts contain neither
pressor nor dilator substances and that the survival time of the
animals varies within the same limits as found after injection of
renal extract, except in the hypophysectomized dog No. 19 previ-
ously discussed. Th- anatomical changes, including all that were
found with careful microscopic examination, are fewand it is believed
that they fall within the limit of what can be anticipated after
bilateral nephrectomy alone without subsequent organ extract injec-
tion. Attention is drawn to the fact that pig as well as dog liver
extracts were utilized.
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The spleen presented a slightly different problem from the
tissues just discussed, in as much as it contained a vasodilator factor
ofhigh potency. Like that of the kidney, this was not always mani-
fest and was not contained in the saline extract of the powder result-
ing from acetone-ether extraction. Focal hemorrhage was more
extensive in one of the animals (No. 211), even though arterial
necrosis was practically absent, and in another (No. 202) the latter
was more marked and the hemorrhage less extensive. How much
the splenic extract and its dilator factor contributed to these findings
is problematic, since with the acetone-ether preparation the degree
of hemorrhage and arterial necrosis approaches the maximum
change which may result from bilateral nephrectomy alone. All
of these facts are included in Chart IX.
Extract of testicle, as a rule, manifests neither vasopressor nor
depressor effects after removal of dialyzable agents. Occasionally,
when the animal reacts severely to the extract there may be a period
when the pressure falls. The drop is variable and occasionally
marked. The extracts must be used in relatively small amounts, as
is evident from dog No. 231 where 5 cc. as an initial injection was
fatal. Hemorrhage and necrosis of muscle, including the smooth
muscle of the alimentary canal and other hollow viscera, of arteries
and more often of veins, as well as of heart and diaphragmatic
muscle result. These are not constant but they do occur and may
be extensive (No. 279). Indeed, the conclusion that they may be
much more extensive than can be explained on the basis of bilateral
nephrectomy is unavoidable. Chart X presents these data. Another
process constantly associated with the use of testicle extract is throm-
bosis. This phase of the pathology will be presented in a later
publication.
Summary
Adrenalin, pitressin, and tyramine injected repeatedly duringthe
survival period after removal of the kidneys in amounts necessary
to elevate the blood pressure 100 or more mm. Hg do not result
in more extensive changes than follow bilateral nephrectomy alone.
The one exception to this generalization is the band-like medial
necrosis and hemorrhage of large arteries, such as the pulmonary
aorta and its branches, associated with adrenalin injection.
Saline extracts of muscle or liver have no effect on the blood
pressure and no anatomical changes can be ascribed to their injection
into nephrectomized dogs.
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The vasodilator factor of splenic extract can be removed by
acetone-ether treatment, and when so treated the extract produces
no lesions on injection into nephrectomized dogs.
Saline extracts of testicle, especially after dialysis, show only a
tendency to cause a slight fall in blood pressure. Irrespective of
this change, arteriolar necroses may be much more extensive follow-
ing their injection after removal of the kidneys. Thrombi are a
constant finding.
VI
ELECTROLYTE AND ELECTROCARDIOGRAPHIC CHANGES AFTER
BILATERAL NEPHRECTOMY, LIGATION OF RENAL ARTERIES,
AND INJECTION OF RENAL EXTRACT INTO BILATERALLY
NEPHRECTOMIZED DOGS
The material presented in the preceding pages shows that the
survival time of animals in the bilaterally -nephrectomized group
varies considerably. It is definitely shortened when the renal
arteries are ligated. The lesions in the latter group are outstanding
and in the former minimal. With the exception of the muscle of
the alimentary canal, necrosis of this tissue in the walls of blood
vessels in the myocardium and elsewhere is infrequent and inexten-
sive after ablation of the kidneys, and usually extreme following
ligation of the arteries. These problems, like the difference in the
non-protein nitrogen of the blood, might be resolved, it seemed,
through consideration of some of the major functions of the kidney.
Among these must be included elimination of nitrogen and acids
and the maintenance of salt or ionic balance, together with the
osmotic pressure in the tissues and tissue fluids.
Not much emphasis can be placed upon the accumulation of
end-products of nitrogen metabolism, as measured by the non-
protein nitrogen of the blood, when it is realized that some animals
may die when this is only 200 mg.% and others may be alive with
twsice this amount. These facts do not exclude the possibility that
some fraction of the total non-protein nitrogen may be of great
importance. Such a fraction obviously could be increased with the
total non-protein nitrogen quite low or it might well be relatively
small with the total high. Aromatic products containing nitrogen,
stressed as toxic in human kidney pathology, should be borne in
mind.
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The diminution of alkali reserve as a consequence of acid
increase and also the decrease of the serum chlorides after removal
of the kidneys can be influenced therapeutically, as has been shown,
but this does not result in definite prolongation of survival time of
the animal. It may be assumed, then, that neither of these two
conditions has a primary significance. Hyperirritability of volun-
tary and diaphragmatic musde frequently has been observed in
both groups of animals. Together with bradycardia, which was
often present during the terminal periods, these signs were con-
sidered to be indicative of disturbance in electrolyte balance of the
blood and tissues. Corroboration of this opinion was forthcoming
by the fact that skeletal, including diaphragmatic, muscle twitching
could be stopped completely for several hours by a single intra-
venous injection of calcium chloride.
For these reasons the electrolytes of the blood were determined
and electrocardiographic records were made following both types of
operation. The results are illustrated in the records ofthe following
animals:
Dog No. 329. The right kidney was removed on February 16, 1940,
and the left six days later. The findings of particular interest are included
in the following table and in the accompanying electrocardiographic record.
K NPN CO2 C1 Hb BP EKG
m. eq. mg. % m. eq. m. eq. g. % mm. Hg
Pre-operative 4.79 33.6 24.2 103.9 13 135 A
48 hours postoperative ...... ...... ...... ...... ...... 138B
72 hours postoperative 7.2 170.8 13.8 94.6 10.7 138 C
96 hours postoperative ...... 218 ...... ...... ...... 128
127 hours postoperative 9.5 288.4 13.9 82.9 13.6 128 D
The findings in the above experiment were confirmed in two subsequent
tests; animals Nos. 350 and 360.
Dog No. 331. Ligation of both main renal arteries.
K NPN CO2 C1 Hb BP EKG
m. eq. mg. % m. eq. m. eq. g. %o mm. Hg
Pre-operative 4.4 36.4 ...... ...... 15.9 108 A
19 hours postoperative 5.3 78.4 ...... ...... 11.4 145 B
43 hours postoperative 6.2 140 ...... ...... 14.5 102 C
57 hours postoperative ...... 204.4 ...... ...... 16.4 ...... D
67 hours postoperative ...... ...... ...... ...... ...... ...... E
74 hours postoperative 7.9 291.2 ...... ...... 15 100 F
92 hours postoperative 9.5 344 ...... ...... ...... 92 G
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These electrocardiograms were interpreted by Doctors Hoff and
Nahum without knowledge of the analytical data concerning the
electrolytes. The steady rise of the serum potassium to a level of
9.5 m.eq. is in accord, with the functional changes illustrated in
the electrocardiograms.
Comparable electrocardiographic changes had been obtained
when the serum potassium was increased by the intravenous injec-
tion of potassium chloride (Winkler, Hoff, and Smith80). Nichol-
son and Schechter2" made similar observations on dogs whose ureters
had been ligated.
Analysis of the above experiments allows the conclusion that the
rise in the serum potassium and the electrocardiographic changes
after removal of the kidneys and also after ligation of the main
renal arteries have a cause-and-effect relationship. These changes
are greatly accelerated, as is the increase in the non-protein nitrogen
oftheblood andthe death ofthe animal after ligation of the arteries
as compared with the same processes after bilateral nephrectomy.
Experiments of the above types have not shown constant eleva-
tion of the serum potassium to the high point of 9.5 m.eq. nor has
the electrocardiogram always shown the same degree of functional
disturbance. Consequently, even though it is clear that death may
result from heart-block associated with high serum potassium, both
after removal ofthe kidneys and after ligation oftheir main arteries,
this must be considered as only one factor, playing a major role
in some instances and a contributory one in others.
The question must be raised whether 9.5 m.eq. of serum potas- sium caused the heart-block, when Winkler, Hoff, and Smith8 only
obtained this effect with serum potassium figures of 14 m.eq. or
more. The discrepancy may be explained in part by the fact that
in the experiments above recorded the serum was obtained for
potassium determination 3 to 8 hours before the death of the animal
and therefore did not show the highest potassium value. Another
factor that should be considered is the possible difference between
the level of the potassium of the serum and tissue fluids. Winkler,
Hoff, and Smith80 introduced the potassium intravenously and
determined the serum potassium, but did not quantitate the tissue
fluid potassium. This might well have been at a slightly lower
level than that of the serum. In our procedure the increase in the
serum potassium must have been derived from the tissue fluid. To
bring this about the potassium of the tissue fluid would have had to
be at a higher level than that of the serum. The difference in the
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two procedures probably played a r8le in the discrepancy between
the serum potassium value and the characteristic changes in the
electrocardiogram.
The well-known antagonistic action between potassium and cal-
cium on heart musde also had to be considered in explaining the
difference in potassium levels, survival time, and electrocardio-
graphic changes in both types of experiment. That the calcium
level of the serum might be affected was suspected, as previously
emphasized, by the increased muscular irritability displayed by some
of the animals. This is corroborated in the experiments recorded
below.
Dog No. 360. Bilateral ne- Dog No. 373. Ligation of
phrectomy. renal arteries.
Ca. Phos. Ca. Phos.
Pre-operative 10.8 3.9 Pre-operative 10.8 2.6
7 hours postoperative ...... ...... 7 hours postoperative 14.0 4.8
24 hours postoperative 13.8 7.84 24 hours postoperative 12.9 5.87
48 hours postoperative ...... ...... 48 hours postoperative 9.6 14.2
72 hours postoperative ...... 13.7 72 hours postoperative 7.5 16.6
96 hours postoperative 8.7 17.4
120 hours postoperative 7.1 19.5
128 hours postoperative 6.9 11.4
144 hours postoperative 6.3 7.8
These figures show that after removal of the kidneys and also
after ligation of both main renal arteries the serum calcium falls
progressively after a brief preliminary but invariable elevation. It
ultimately reaches a level found in tetanic states. These low cal-
cium values explain satisfactorily the hyperirritability of the mus-
cular system. Moreover, it may be possible that the lowered serum
calcium reinforces the effect of the increased potassium of the serum
by changing the Ca/K ratio from the standpoint of its influence
on cardiac function. A decrease of serum calcium from 10 m.eq.
to 6 or 7, in itself not significant in relation to the action of the
heart, maybeimportant when theserumpotassium has been elevated
to 9.5 m.eq. These observations may aid in the interpretation of
the symptomatology of chronic renal disease in man for it is known
that the trend of change in the electrolytes of the serum may follow
the above pattern.22
The fall in the calcium of the serum, as will be shown, results
predominantly from the loss ofthe ultrafilterable fraction of calcium
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as distinct from the protein-bound calcium. This is further evidence
of the parallelism between the results of the experimental pro-
cedures outlined and the electrolyte changes in chronic renal disease.
The value of the ultrafilterable fraction of normal dog serum,
as determined repeatedly in this study, is 4.6 mg.7o %- 0.1. This
represents from 43.5 to 43.8 per cent of the total calcium. Unfor-
tunately, it was not possible to secure samples for the lowest values
of total serum calcium to determine the ultrafilterable fraction and
the above statement is based on the following figures.
Dog No. 387.
Tota Calcium Ultrafiltrate
Before operation 10.5 mg. %o 4.6 mg. %yo
24 hours postoperative 12.2 ....
48 hours postoperative 11.5
72 hours postoperative 11.2 ....
96 hours postoperative 9.9 ....
120 hours postoperative 8.2 ....
132 hours postoperative 7.8 2.7
Total loss of serum calcium 25%o
Total loss of ultrafilterable calcium 40%o
Total loss of protein-bound calcium 15%o
The serum phosphate was determined (as shown in the preced-
ing tables) for several reasons. Since it, too, is often increased
markedly in chronic renal disease it naturally would be augmented
both after bilateral nephrectomy and after ligation of the renal
arteries. Its increase might also have an influence on the concen-
tration of other electrolytes, especially serum calcium. As had been
expected the serum phosphate increases promptly after ablation of
the kidneys or after ligation of the main renal arteries and may
attain six times the normal value. It should be noted, even though
no explanation of this phenomenon is available, that the serum
phosphate fell sharply in several animals during the terminal 24
hours. The rise in the serum phosphate may be related to the
preliminary rise in serum calcium already referred to and to be dis-
cussed later. This, in its turn, may be brought about through the
action of the increased serum phosphate on the parathyroid glands.
This statement is based upon investigations by Drake, Albright, and
Castleman,6 who describe parathyroid hyperplasia after parenteraf
phosphate administration. Careful examination of the parathyroid
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glands of a group of dogs subjected to the operative procedures
employed in these studies are underway. So far it cannot be said
that they show constant or characteristic change. Evidence of cell
division or hyperplasia of any element has not been found. That
it might occur seems the more likely from the fact that parathyroid
hyperplasia has been reported both after the experimental reduction
of renal tissue and in association with glomerular nephritis in man.
The literature on this subject has been reviewed recently by
Castleman and Mallory.8
The facts, already presented, concerning the effect of the daily
injection of saline extract of normal dog kidney into nephrectomized
animals of the same species made it desirable to determine the
influence of this procedure upon the serum electrolytes and on the
electrocardiogram. This was carried out in four separate experi-
ments, which differed only slightly and are exemplified by the
following:
Dog. No. 365. Bilateral nephrectomy; injection of acetone-treated dog-
kidney extract.
Hoursafteroperation Pre-operative t ^_ 5 Period of
control values 31 48 72 96 survival
Serum
Calcium 9.5 10.0 9.3 11.5 12.6 4 days
Phosphates 3.2 6.3 10.0 15.6 12.7
NPN 30.8 89.6 148.4 ...... 265.2
dnalysis of the electrocardiograms: The control shows evidence of
slight elevation of R T in L 1 and a depression in L 3, indicating some dam-
age over the anterior septum. There appears to be some widening of the
QRS interval, particularly noticeable in L 3. A well-marked U wave is
seen in L 3. After 24 hours the characteristics are: Slight intraventricular
block, as in the control, T wave positive in all 3 leads and of low voltage.
After 48 hours the record is much the same as the 24-hour one, without
much change in the T wave. After 72 hours there are: Normal supraven-
tricular rhythm with normal P waves, slight elevation of the S T segment in
all 3 leads, more pronounced intraventricular block, and the T waves are
positive in L 1 and negative in L 2 and L 3. After 96 hours the P waves
have disappeared and the intraventricular block has progressed to give a
diphasic QRS and T complex in L I and 2. In L 3 there is still a diphasic
T wave with a depressed S T segment. The absence of the P wave, the
intraventricular block, and the peculiar S T in L 3 indicate potassium
poisoning.
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An analysis of the above data shows clearly that the survival
time of the animal was shortened, that the non-protein nitrogen
rise was accelerated, that the phosphate curve conforms to that of
the uninjected nephrectomized or
artery-ligated animal, and that the Mg.%caO
electrocardiogram is typical for 14
potassium poisoning. The only 12-
variation manifested is in the cal- --M PREPERATIVE LEVEL- - - --
cium curve. The preliminary rise,
noted before, is much more pro-
tracted as is also the fall, and the 0
final value before death in all four 4
of the animals either had not de-
scended to the normal level or had
barely reached it. This is illus- 0 4 ;
trated in Graph V. DOG NO.394
This experiment answers the GRAPH V. This curveshows that
question concerning the influence of the initial rise in the total calcium of
theclciumon th seru potasium the blood serum after bilateral ne- the calcium on the serum potassium phrectomy may be sustained during
from the standpoint of the latter's the life of the animal.
effect on the heart. A very recent
experience should be recounted here, for it illustrates the sharp
rise in serum potassium that occurred during the last 20 hours of
the animal's life. Fortunately, the blood sample for the determi-
nation was secured at the very time of death.
Dog No. 394. Received 15 cc. of saline extract of normal dog kidney
on each of the first three days after bilateral nephrectomy.
Pre-operative Postoperative
control values 24 hours 44 hours 72 hours 96 hours
Serum
Calcium 10.3 12.2 13.3 12.6 10.8
Phosphate 5.2 13. 18. 21. 23.
Nitrogen 30. 110.6 148.4 238. 361.
Potassium ...... ...... ...... 7.4 20.5
The serum potassium level is the highest that has been encoun-
tered in this study and is explained by the time the sample was
secured. It is important to direct attention to the sharp rise in this
electrolyte during the last day, perhaps during the last hours, of
the experiment, and it is likewise desirable to point out that the
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serum calcium at this same time had not quite descended to the
pre-operative figure. Conforming with this serum calcium level
these animals showed no evidence of hyperirritability of skeletal or
diaphragmatic muscle.
It should be pointed out that the injection of saline extract of
kidney into the nephrectomized animal shortens the animal's life,
accelerates the rise in blood non-protein nitrogen, serum potassium,
and serum phosphate, but maintains the serum calcium at a higher
level. The possibility suggests itself that this may be due to some
factor in the renal extract, aside from serum phosphate, that
influences parathyroid activity.
The extensive changes in serum electrolytes following removal
of the kidneys, it was felt, might be reflected in the electrolytes of
the tissues. This possibility was considered in relation to the strik-
ing lesions encountered when the main arteries to the kidneys are
ligated and when kidney extract is injected into nephrectomized
animals. The assumption was supported by the facts that lesions
are few and small after simple bilateral nephrectomy, that they are
likewise often inconspicuous when animals die in less than 48 hours
after ligation of the main renal arteries, and also when nephrec-
tomized animals, injected with renal extract, die within 48 hours
after ablation of the kidneys. Consideration of these observations
led to the belief that while elimination of renal function does not
result in extensive lesions, it does facilitate their production, whether
the substances responsible are derived from the animal's own kidneys
after ligation of the arteries or ureters, from kidney substance
injected into the animal, or from some other source.
This hypothesis was put to test, first, by the injection of bilater-
ally nephrectomized animals on the first postoperative day and their
sacrifice 24 hours later, and second, by the injection of bilaterally
nephrectomized animals on the fourth or fifth postoperative day
and their sacrifice after 24 hours. In the first of these experiments
the animals receiving the same amount of the same kidney extract
as those in the second experiment showed no gross lesions, but his-
tologically a small amount of definite arterial necrosis was found.
Those in the second experiment showed more extensive lesions of
heart muscle, smooth muscle of blood vessels, etc. These dogs,
injected as they were on the fourth or fifth postoperative day,
already had marked changes in serum and presumably in tissue
electrolytes. This may have facilitated the action of the specific
agents associated with the characteristic anatomical changes. The
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fact that even insignificant lesions were found in the animals of the
first experiment is evidence that change in the electrolytes is not
essential for the production of muscle necrosis.
Another observation made during this last experiment should be
recorded briefly. When animals are injected for the first time with
renal extracts at the end of the fourth or fifth day after removal
of the kidneys, convulsions manifest themselves within a very few
hours and continue until death. This may be indicative of electrolyte
change affecting the blood-brain barrier, and may be comparable to
convulsive states associated with uremia in man where it is known
that similar electrolyte changes occur.
Summary
The electrolytes of the serum show marked changes both after
the removal of the kidneys and after ligation of the main arteries.
Individually theyvaryasfollows: Alkali reserve andserumchlorides
drop markedly, both after nephrectomy and after ligation of the
arteries. Total calcium shows an initial rise to 13 mg.7% and more,
followed by a drop to about 6 mg.7%. The drop of the ultrafilter-
able fraction is much greater than is the drop in the non-ultrafilter-
able fraction. Dogs with low calcium values show hyperirritability
and twitching of the skeletal muscle. This corresponds to the condi-
tions encountered in tetany and chronic nephritis. Potassium goes up
to 9.5 m.eq. and more. There is a marked effect of the potassium on
the heart, as is shown by the electrocardiogram. Inorganic phos-
phate rises to from 3 to 6 times the normal value. Allthese changes
are accelerated after ligation of the renal arteries as compared with
removal of the kidneys. This is in accord with the more rapid
change in non-protein nitrogen, shortened survival time, etc.
These changes also occur when nephrectomized dogs are injected
with kidney extract with the single exception that the calcium does
not drop below the normal value. The question arises whether the
preliminary rise in calcium is caused by an effect of the increased
serum phosphates acting on the parathyroid gland. In nephrecto-
mized dogs and in ligated animals this action is not strong enough to
sustain the normal calcium values. The sustained high calcium
value exhibited by nephrectomized dogs after injection of kidney
extract suggests the possibility that a special substance of the kidney
is able more adequately to stimulate the parathyroid glands than is
the inorganic phosphate.
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The action on the blood vessels of hemorrhagic and necrotizing
agents derived from the kidney is facilitated by, but not dependent
upon, the tissue changes which develop after elimination of kidney
function. This is probably associated with changes in permeability
associated with variation in electrolytes.
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PLATE VI
FIG. 11. Minute, red, linear discolorations can be seen through the serosa of the bowel. Note
that these cross each other at right angles. Dog No. 137. (See Fig. 21.)
FIG. 12. The splinter-like discolorations are shown to involve both muscular coats. They spread
to form large purple zones which suggest hemorrhages, but which may be proved microscopically
to be necrotic muscle. Dog. No. 84.
FIG. 13. Edema and hemorrhage of the serous and mucous surfaces of the stomach and bowel.
The edema is showi particularly well in the cross section of the stomach wall, as illustrated
further in Fig. 14. Dog No. 107.
FIG. 14. Note the golden stain of hemorrhage, the red stain of the necrotic material in the
vessel wvalls, and the fibrin in the interstitium. Dog No. 84. (See Fig. 18.)*v A. lt
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PLATE VII
FIG. 15. Peri-adrenal artery showing necrosis of the media. Masson stain. x 70. Dog No. 227.
FIG. 16. Note the pyknosis of the few cells beneath the endothelium and in the adventitia.
This is a higher power of the vessel seen in Fig. 15. Masson stain. x 200. Dog No. 227.U s.
PLATE VIII
FIG. 17. Necrotic artery wall, cellular thrombus, and adventitial cellular reaction. MIasson
stain. x 125. Dog No. 84.
FIG. 18. A higher magnification of a vessel in the stomach submucosa illustrated in Fig. 14.
There is extension of the necrosis of the vessel wall into the surrounding tissue. Masson stain.
x 150. Dog No. 84.PLATE IX
FIG. 19. A bundle of necrotic muscle fibers in the adventitia as well as a group of individual
necrotic muscle fibers in the media of the aorta. Masson stain. x 80. Dog No. 225.
FIG. 20. Hemorrhage in the aortic media; in places the accumulated red blood cells spread
the elastic fibers widely apart. Masson and Weigert's elastica stain. x 125. Dog No. 47.22
PLATE X
FIG. 21. Histological preparationi of the splinter-shaped lesions shown in Fig. 11. Hemorrhage
in the muscularis of the small intestine; arteriole with necrotic wall in the center. Masson
stain. x 45. Dog No. 84.
FIG. 22. Similar macroscopically to the picture seen in FIG. 12, but there is no hemorrhage,
only necrosis of smooth muscle of the snmall intestine. Masson stain. x 75. Dog No. 243.
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PLATE XI
FIG. 23. M%-uscularis of the ileum, with condensation of myoplasm. x 180. Dog No. 3017.
FIo. 24. Diaphragmatic muscle, with condensation of myoplasm and increased prominence
and deformation of striations. x 325. Dog No. 107.
FIG. 25. Small intestine. The dark areas correspond to the cellular changes seen in Fig. 26.
Wilder method. x 55. Dog No. 226.
FIo. 26. Argentophile cytoplasm in the swollen myofibrils of the small intestine. Wilder method.
x 295. Dog No. 226.4.IIIiC -72
PLATE XII
FIG. 27. Necrotic muscle fibers in the myocardium, without hemorrhage. Masson stain. x 220.
Dog No. 73.
FIG. 28. Necrosis in the myocardium with cellular exudate and hemorrhage. Necrotic vessel
and fibrin thrombi. Masson stain. x 125. Dog No. 137.PLATE XIII
FIG. 29. Band-like disappearance of the smooth muscle of the aorta, without hemorrhage between
the intact elastic fibers. This change followed repeated intravenous injections of adrenalin.
Masson stain. x 75. Dog No. 240.
FIG. 30. The same change as seen in Fig. 29, with the hemorrhage. Masson stain. x 50.
Dog No. 234.
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